Surface cracking of tungsten-vanadium alloys under transient heat loads  by Arshad, Kameel et al.
Nuclear Materials and Energy 3–4 (2015) 32–36
Contents lists available at ScienceDirect
Nuclear Materials and Energy
journal homepage: www.elsevier.com/locate/nme
Surface cracking of tungsten-vanadium alloys under transient heat loads
Kameel Arshada, Dan Dinga, Jun Wanga, Yue Yuana,∗, Zheng Wanga, Ying Zhanga,
Zhang-Jian Zhoub, Xiang Liuc, Guang-Hong Lua,∗
a School of Physics and Nuclear Energy Engineering, Beihang University, Beijing 100191, China
b School of Materials Science and Engineering, University of Science and Technology Beijing (USTB), Beijing 100083, China
c Southwestern Institute of Physics, P.O. Box 432, Chengdu 610041, Sichuan, China
a r t i c l e i n f o
Article history:
Received 22 April 2015
Revised 17 May 2015
Accepted 18 May 2015
Available online 28 August 2015
Keywords:
W-V alloys
Plasma facing materials
Transient heat loads
Surface cracking
a b s t r a c t
To evaluate high heat load performance of tungsten-vanadium (W-V) alloys as a potential candidate for
plasma facing materials of fusion devices, the target materials with three different V concentrations (1, 5
and 10 wt%) are exposed to thermal shock loading. The alloys are fabricated by cold isostatic pressing and
subsequently sintered in a vacuum furnace. Thereafter, they are exposed to different high heat ﬂux densities
ranging from 340 to 675MW/m2 for single shot of 5 ms duration in an intense electron beam test facility. The
alloys with lowest V concentration (1 wt%) are highly damaged in form of seriously cracking. The ones with
intermediate V content (5 wt%) has shown comparatively better performance than both highest and lowest V
contents alloys. The results indicate that improved mechanical properties and reduced thermal conductivity
due to V addition comprehensively affect the cracking behavior of W-V alloy under transient thermal shock.
© 2015 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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c1. Introduction
In the experimental fusion reactor ITER, the ﬁrst wall materials
will face steady-state high heat loads of ∼1 MW/m2, however it is
about 10–20 times higher for critical components such as limiter
and divertor [1]. Besides, the divertor armor should also bear several
types of transient thermal pulses, such as plasma disruptions, verti-
cal displacement events (VDEs) and edge localized modes (ELMs) [2].
These transient loads deposit high energy density of several MJ/m2
onto the surface of plasma facing materials (PFMs) [3]. As a conse-
quence, thermal loads induced crack formation, melting, melt layer
ejection and particle emission will signiﬁcantly reduce the lifetime
of PFMs [4]. Thus the heat high ﬂux (HHF) testing of PFMs is a very
important issue in fusion research.
Tungsten (W) and W-based materials due to their excellent phys-
ical properties at evaluated temperatures are candidates for PFMs in
controlled thermonuclear fusion devices [5–7]. Tungsten-vanadium
(W-V) alloys developed for plasma facing application have shown
good capability toward improvement in mechanical properties and
thermal stability of the microstructures as compared to W [8–10].
However, the testing of these newly developed materials under
transient heat loads has not been reported yet. In this study, we∗ Corresponding authors.
E-mail addresses: yueyuan@buaa.edu.cn (Y. Yuan), lgh@buaa.edu.cn (G.-H. Lu).
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rades of W-V alloys under single pulse thermal shock loads.
. Materials
The target materials are fabricated by powder metallurgy process
rom W and V powders with particle size of 2 and 0.8 μm, respec-
ively. W powder is purchased from Beijing Xing Rong Yuan Technol-
gy Co., Ltd, and V powder from Shanghai St-Nano Science & Technol-
gy Co., Ltd. The powders are mechanically alloyed in a molybdenum
igh energy ball miller with ball to powder ratio of 5:1 in a speed of
00 rpm for 30 h. The mechanical alloyed powders of three differ-
nt V concentrations 1, 5 and 10 wt%, identiﬁed as W-1 V, W-5 V and
-10 V, respectively, are then compacted by cold isostatic pressing
nd subsequently consolidated in a vacuum furnace at 2073 K for 2 h.
he sintered samples are obtained in the form of rods with 10 cm in
ength and 12 mm in diameter. Finally, they are cut into 2 mm-thick
iscs and mechanically polished for HHF experiments. The summary
f densities and Vickers micro-hardness of developed specimens is
abulated in Table 1.
As these materials are sintered materials without any post pro-
ess, in the ﬁrst step of research and development, their measured
elative density is well below 100%. However, post-processing like hot
olling can improve the density near to 100% and can enhance its re-
ated properties.r the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Density and micro-hardness measurements of as sintered W and W-V alloys.
Samples V concentration Relative density Micro-hardness
(wt%) (%) (HV)
W-1V 1 90.8 428.6
W-5V 5 92.23 562.3
W-10V 10 93.7 686.4
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Fig. 1. Through-current proﬁles of the developedmaterials under 60mA applied pulse
(a) W-1 V, (b) W-5 V and (c) W-10 V, respectively.
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p. Transient heat load tests
The transient heat load experiments are performed at the
lectron-beam Material-test Scenario 60 kW (EMS-60) facility. EMS-
0 is capable to produce an energetic electron beam with a maxi-
um accelerating voltage of 150 kV and an intense electron current
ensity. It can work in both single shot and repetitive pulse mode.
he samples are mounted on a copper holder with eﬃcient cooling
ystem to keep the base temperature at room temperature. The heat
oading tests are performed with single shot pulse of 5 ms and with
n accelerating voltage of 120 kV. Loading focuses on a small area of
× 4 mm2 on the target surface. The absorbed heat power density
an be calculated from the following Eq. (1).
abs = U × J × A (1)
here Pabs, U, J and A are absorbed heat power density (MW/m
2),
ccelerating voltage (kV), applied beam current density (mA/mm2)
nd absorption coeﬃcient for electrons, respectively. The absorption
oeﬃcient (A) is measured from the ratio of the peak current through
he target samples (as shown in Fig. 1) to the applied beam current.
he electron absorption coeﬃcient for W-1 V, W-5 V and W-10 V are
easured as 0.46, 0.47 and 0.48, respectively. A slight ﬂuctuation in
he current proﬁle of electron beam can be seen in Fig. 1 and this
ano time scale oscillation pattern was approximately similar for all
pplied HHF densities. However, the average maximum height of the
ulse has been selected for heat power density calculations. Further,
uch nano time scale ﬂuctuation are normal for such experiments
erformed by electron beam facilities [11] and do not drastically af-
ect the experimental results.
The temperature of loaded surface is monitored by two optical py-
ometers which are calibrated by thermocouple before the HHF test-
ng. Fig. 2 shows transient heat ﬂux dependence of peak temperatures
or different grades of W-V alloys. It can be seen clearly that the peak
emperature increases monotonically with increasing HHF density.
nder similar loading conditions, the surface temperature ofW-1 V is
lways the lowest, where W-10 V is the highest. All the peak surface
emperatures are well below melting point of the tested targets. The
urface temperature strongly depends on the thermal conductivity of
argets. It is worth to note that the thermal conductivity of V is much
ower thanW, the thermal conductivity of V is 30.7Wm−1 K−1 andW
s 173Wm−1 K−1 at room temperature and V is∼42.1Wm−1 K−1 and
is ∼116Wm−1 K−1, at 1300 K, respectively. Therefore, the increase
f V concentration obviously decreases the thermal conductivity of
-V alloys, and results in the large difference in the surface temper-
tures for different grades W-V alloys under similar heat loading.
. Surface cracking
The surface modiﬁcation of the loaded W-V alloys is analyzed by
canning electron microscopy (SEM) and the key crack parameters,
uch as the crack width, crack distance (distance between adjacent
racks) and density of the crack networks, are extracted from SEM
mages. An overview of the average (avg.) values of crack width, crack
istance and density of the crack networks for all cracked surfaces of
-V alloys tested under different transient loads are summarized in
able 2.Fig. 3(a) shows the surface morphologies of W-1 V after the sin-
le pulse heat loading of 155 MW/m2. Obvious cracks are observed
ith an average width of 0.6 μm, average distance of 90.9 μm and
umber density of 127 cracks/mm2, respectively. Fig. 3(b) shows that
s the HHF density is raised to 207 MW/m2, the average crack width
s increased to 1.0 μm, while almost no change in the average crack
istance (89.3 μm) and crack density (131 cracks/mm2) is observed.
hen the HHF density further increases to 311MW/m2, W-1 V target
s highly degraded as shown in Fig. 3(c). Although the cracking net-
ork with a crack density of 110 cracks/mm2 is relatively reduced, a
rominent increase in the average crack width and crack distance of
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Fig. 2. Peak surface temperatures of W-V alloys under 5 ms single shot pulse with
different HHF density.
Table 2
Average values for crackwidth, length and number density on the surface ofW-V alloys
exposed to high transient loads.
Samples Power density Avg. crack width Avg. distance Crack number density
(MW/m2) (μm) (μm) (cracks/mm2)
W-1V 155 0.6 90.9 127
207 1.0 89.3 131
311 2.7 101.5 110
W-5V 159 No cracks No cracks No cracks
212 1.3 571.4 18
317 2.9 589.2 8
W-10V 162 No cracks No cracks No cracks
216 1.0 112.7 59
324 2.5 197.1 23
Fig. 3. SEM images of the loaded W-1 V surfaces under different HHF density (a) 155
MW/m2, (b) 207 MW/m2 and (c) 311 MW/m2.
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i2.7 and 101.5 μm, respectively is measured for this heavily damaged
W-1 V sample.
The surface morphologies and cracking behavior of W-5 V irra-
diated at different HHF densities are shown in Fig. 4. No cracks are
observed on its surfaces tested at 159 MW/m2 as shown in Fig. 4(a).
When the HHF density increases to 212 MW/m2 (Fig. 4(b)), the W-
5 V sample cracks with the crack number density and crack width
of 18 cracks/mm2 and 1.3 μm, respectively. As the HHF density is
further increased to 317 MW/m2 (Fig. 4(c)), the number density of
the crack networks is relatively reduced to 8 cracks/mm2, but the
crack width signiﬁcantly increases to 2.9 μm, reﬂecting the worse
damage due to increasing HHF density. Compared to W-1 V, one can
see that W-5 V shows a better stability against transient thermal
shock.
Fig. 5 shows the crack pattern on the loaded surface ofW-10 V tar-
gets. No cracks are observed on the surface exposed to 162 MW/m2
as shown in Fig. 5(a). When the HHF density increases to 216MW/m2
some cracks appear as shown in Fig. 5(b). The average crack width
and distance is about 1.0 and 112.7 μm, respectively. The crack num-
ber density of W-10 V (59 cracks/mm2) is about two times higher
than W-5 V (18 cracks/mm2). However, the surface morphology
and crack parameters of W-10 V are better than W-1 V under the
similar heat loading. Fig. 5(c) shows the surface damage of W-10 V
after HHF loading of 324 MW/m2. An increase in the crack width is
observed, though the crack number density is dropped. Again the
surface damage of W-10V at the highest tested HHF density is more
severe than W-5 V. Hence, the sintered W-V alloy with intermediate
V concentration (5 wt%) has shown relatively better performance at
all applied HHF densities than both W-1 V andW-10 V in the present
work.. Discussion
Different grades of W-V alloys prepared by the same metallurgi-
al route are comparatively tested under transient heat loads. To en-
ure intense crack networks, all targets are exposed to dense electron
eam at room temperature below the ductile-brittle transition tem-
erature (DBTT) [12]. Previously, the addition of V inW has proven to
rovide great improvement in various properties such as reﬁning the
-matrix microstructure and improving the densiﬁcation and me-
hanical properties [9]. Fine-grained microstructure for W materials
s important in terms of reduction in brittleness and improvement
K. Arshad et al. / Nuclear Materials and Energy 3–4 (2015) 32–36 35
Fig. 4. SEM images of the loaded W-5 V surfaces under different HHF density (a) 159
MW/m2, (b) 212 MW/m2 and (c) 317 MW/m2.
i
V
m
(
d
t
r
t
a
t
r
Fig. 5. SEM images of the loaded W-10 V surfaces under different HHF density (a) 162
MW/m2, (b) 216 MW/m2 and (c) 324 MW/m2.
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un toughness and strength [13,14]. The fracture toughness of the W-
alloys gradually improves with the increase of V contents [9]. The
echanical properties of W-based materials at higher temperatures
especially higher than the recrystallization temperature) are highly
egraded [13,14]. V addition also enhances the thermal stability of
he microstructures and mechanical properties of W-based mate-
ials during conventional heating process [10]. However, to assess
he newly developed alloys for plasma facing applications, it needs
n exposure to fusion relevant conditions. Transient heat loads are
he most damaging and important factor for PFMs in fusion reactors
esearch.Comparatively, W-1 V shows the lowest cracking threshold, and
omparative higher threshold is similar for the other two alloys. In
ddition, the cracking width is almost the same for both W-5 V and
-10 V, but W-5 V has lower crack number density. This implies
hat W-10 V has relatively lower cracking resistant than W-5 V. Our
revious studies have reported that the increase of V concentration
mproves the densiﬁcation and mechanical properties including
tructural strength of W-V alloys [9]. The results given in Table 1
lso show positive impact of V concentration on W-based materials.
hat is to say, W-10 V is expected to have the best performance
nder transient heat loading. But we should note that increasing V
36 K. Arshad et al. / Nuclear Materials and Energy 3–4 (2015) 32–36
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[concentration can also signiﬁcantly reduce the thermal conductivity
which is one of the important properties for thermal performance.
Under the similar heat loading conditions, the resulting surface
temperature of W-10 V is much higher thanW-5 V as shown in Fig. 2.
This should be the reason for its relatively more severe damage than
W-5 V. However, due to its better structural strength, even at higher
surface temperatures, the damage of W-10 V is observed to be lower
than W-1 V. Thus, W-5 V shows better performance than both lower
and higher V containing alloy samples. The results indicate that an
appropriate selection of V concentration in W matrix is important to
improve the structural stability against high heat loads.
Although some serious cracks on the surface of W-V alloys are ob-
served at higher HHF densities up to 324 MW/m2, however no melt-
ing/boiling can be seen on surface of these targets. Thus, the melting
threshold of these alloys are well above 22.9 MW/(m2.s1/2), which is
considerable good for sintered, low density (< 94%) target samples.
From these preliminary results, a considerable improvement in the
strength against high heat transient loads of sintered target materi-
als have been achieved by V addition, however we expect that the
tolerability of these alloys will be much enhanced by improving the
fabrication technique. DBTT is also an important factor to explain the
cracking behavior of HHF tested samples, which is strongly depends
on testing procedure, production history, precursor power size, com-
position andmicrostructures of the sintered materials. Unfortunately
the values of DBTT are rarely available in the available literatures for
such alloying compositions, as the developed alloys are relatively new
for such applications. Further, the size of the present fabricated sam-
ples is not large enough to perform such DBTT tests. However, re-
search is in progress to develop high strength fully densiﬁed, large
size W-V alloys by other sintering techniques and hot rolling as a
post-processing is also selected to increase its densiﬁcation and rel-
evant properties for fusion facing applications. Further investigation
including DBTT tests of new improved W-V alloys will be carried out
in the future.
6. Conclusions
The purpose of this study is to test the newly developed W-V al-
loys under fusion relevant transient thermal shock, and therefore ﬁnd
better combination of W-V alloy with stable microstructures to resist
the surface cracking caused by transient heat loading. Transient high
heat load tests by high intensity current pulsed electron beam are
performed on three different grades of W-V alloys. The alloys withowest V concentration are highly damaged in terms of high crack
ensity. Peak surface temperatures of all samples at all tested HHF
ensities are well below melting point. An increasing of V concen-
ration gradually improves the structural strength of the alloy tar-
ets, while signiﬁcantly reducing the thermal conductivity. Therefore,
ith increasing V concentration, W-V alloys have better mechanical
trength but undergo much higher surface temperature during heat
oading. As a result, the alloy with intermediate V content (5 wt%)
hows better cracking resistance against transient heat loads.
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